Background-ADH1B and ADH1C variants have been robustly associated with alcohol
Introduction
Heavy alcohol consumption and alcohol use disorders (AUDs) significantly impact public health by increasing physical and mental health problems and related costs (Rehm et al., 2009) . Many factors influence the risk for these drinking phenotypes, including genetic variation (Kendler et al., 2007) . Among the most widely studied risk genes for AUDs are alcohol dehydrogenase genes, which control the oxidation of alcohol (ethanol) to acetaldehyde in alcohol metabolism.
The association between alcohol dehydrogenase 1B (ADH1B) and alcohol phenotypes (e.g., alcohol dependence [AD] and abuse) has been studied extensively (Li et al., 2011) . The most consistent results come from East Asian populations, with fewer positive findings in Europeans (Li et al., 2011; Toth et al., 2011; Bierut et al., 2012) . One explanation for differences by population is varying prevalence of the most protective ADH1B allele (in single nucleotide polymorphism [SNP] rs1229984, referred to as ADH1B*2), which is common in East Asians (>60%; Eng et al., 2007; Li et al., 2007) , but rare in those with Western and Central European origin (<5%; Hurley and Edenberg, 2012) . Most Jewish populations are generally of European origin, but have higher prevalence of ADH1B*2 than other European populations (20-21% Hasin et al., 2002b) ). Therefore, the Israeli Jewish population represents a potentially better powered non-Asian population in which to further study this association. Furthermore, rs1229984 is the most widely studied ADH1B SNP in European populations, but two additional functional SNPs (rs1159918, rs1229982), found in the proximal promoter region, were associated with alcoholism in some studies (Edenberg, 2007; Pochareddy & Edenberg, 2011) . These associations have not been confirmed in other populations and association between these SNPs and additional alcohol phenotypes (consumption, DSM-IV AUD) has not been examined; further investigation is warranted.
Alcohol dehydrogenase 1C (ADH1C) is another widely studied gene related to alcohol metabolism. Meta-analysis indicated an association between the protective ADH1C allele (in SNP rs698, referred to as ADH1C*2) and lower consumption and/or AUDs . As with ADH1B, this association is found more consistently in East Asians ) than non-Asians (Zintzaras et al., 2006; Tolstrup et al., 2008; Toth et al., 2011; Olfson & Bierut, 2012) . Earlier work on rs698 in Jewish Israeli samples found no association with consumption , or alcohol elimination rates (Neumark et al., 2004) , perhaps due to low power to detect associations in small samples. In addition, these studies did not examine AUDs. Therefore, investigation of rs698 and multiple alcohol phenotypes in non-Asian populations is warranted.
Because ADH1B and ADH1C are adjacent on chromosome 4, two main possibilities exist for their effects on alcohol phenotypes: (1) each influences the risk for alcohol phenotypes or (2) the associations found with one gene are due to "real" associations with the other. There is considerable linkage disequilibrium (LD) across the set of ADH genes in individuals of European decent (Luo et al., 2006; Edenberg, 2007) . Further, different combinations of ADH1B and ADH1C (based on different genotypes) lead to interindividual differences in ethanol oxidation (Hurley et al., 1990) . Therefore, both risk variants should be analyzed jointly to further understand how these SNPs influence alcohol phenotypes.
Understanding the joint effects of these variants on alcohol use behavior is important. Numerous studies have examined interaction effects between ADH genes in East Asians (Wu et al., 2012) , but only three studies have explicitly examined the joint effect of ADH1B-rs1229984 and ADH1C-rs698 on alcohol outcomes in non-Asian populations (Neumark et al., 2004; Tolstrup et al., 2008; Toth et al., 2011) . While all three studies showed an effect of ADH1B on alcohol-related phenotypes, only one study found an effect of ADH1C on alcohol-related phenotypes (alcohol problems) as well as a joint effect of ADH1B and ADH1C (Toth et al., 2011) . These studies varied in many respects, including ancestry and genotype frequencies, phenotypes, and methods of testing interaction between ADH1B and ADH1C SNPs, leaving the cumulative interpretation unclear. Therefore, investigating the joint effects of ADH1B and ADH1C on alcohol phenotypes (DSM-IV AUDs, consumption) in large samples with sufficient power remains necessary.
Given the gaps in understanding the independent and joint effects of ADH1B and ADH1C on alcohol consumption and AUDs, specifically in non-Asian populations, this study addressed the following: (1) association of ADH1B-rs1229984 with multiple alcohol phenotypes (both consumption and AUDs); (2) association of alcohol phenotypes and regulatory ADH1B SNPs (rs1229982, rs1159918); (3) association of ADH1C-rs698 and alcohol phenotypes; and (4) joint effects of ADH1B-rs1229984 and ADH1C-rs698, examined through diplotype analysis. For analysis, each individual SNP was coded as a risk factor, indicating absence of the protective allele (1-3); for diplotype analysis, three risk categories were hypothesized based on absence of protective alleles for ADH1B-rs1229984 and ADH1C-rs698. We used data from a large general population sample of Israeli Jews (Shmulewitz et al., 2010; Shmulewitz et al., 2012) . This sample consists of Israelis from a variety of backgrounds with different drinking cultures (Shmulewitz et al., 2012) and some genetic heterogeneity, reflecting contributions from Northern and Southern European ancestral populations, but little Asian or African contributions (Listman et al., 2010) .
Materials and Methods

Study procedures and sample
Data were collected in 2007-2009 from 1,349 adult household residents (Shmulewitz et al., 2010; Shmulewitz et al., 2012) . This study was designed to investigate environmental and genetic influences on alcohol-related traits; drinking among Israeli women has low prevalence, so males were oversampled (Hasin et al., 1998; Spivak et al., 2007; Shmulewitz et al., 2010) . Interviewers received structured training and administered face-to-face computer-assisted interviews after obtaining written informed consent, as approved by relevant American and Israeli IRBs (Shmulewitz et al., 2010) . The overall response rate was 68.9%. Quality control included field observation, reviews of recorded interviews, and telephone verification of responses. The association analysis included 1,129 ever-drinkers (drank any alcohol, lifetime) who were genotyped for the ADH1B and ADH1C SNPs. Of these, 25.2% (N=284) were 21-29 years old, 33.7% (N=380) were 30-44, and 41.2% (465) were 45+; 78.3% (N=884) were male; and 23.9% (N=270) were immigrants from the Former Soviet Union (FSU).
Measures Lifetime alcohol use disorders (AUD)
The Alcohol Use Disorders and Associated Disabilities Interview Schedule (AUDADIS; (Grant et al., 1995; Grant et al., 2003) was used to diagnose lifetime alcohol dependence (AD) following the DSM-IV guidelines, i.e., three or more dependence criteria within a 12-month period (American Psychiatric Association, 2000) . Since DSM-5 will combine AD and alcohol abuse (AA) (American Psychiatric Association, 2010), we also included "any AUD", based on presence of AD or AA (one or more abuse criteria in the absence of lifetime AD). As reviewed previously (Hasin et al., 2006) , reliability and validity of AUDADIS-IV alcohol diagnoses in international general population samples ranges from good to excellent. We also included count phenotypes: AD severity (number of AD criteria endorsed, range 0-7) and AUD severity (number of AD and AA criteria endorsed, range 0-11). Test-retest reliability of AUDADIS count variables is good to excellent in general and clinical samples (intraclass correlation coefficients [ICC]=0.63-0.86; (Grant et al., 1995; Hasin et al., 1997a) . Combining AD and AA criteria was supported this sample, showing that the alcohol criteria were unidimensional (Shmulewitz et al., 2010) .
Alcohol consumption
Using the AUDADIS alcohol consumption measures, we created a variable indicating maximum number of drinks in a 24 hour period (Maxdrinks; (Saccone et al., 2000; Shmulewitz et al., 2012) . AUDADIS consumption items have good psychometric properties and good to excellent inter-rater reliability (ICC=0.59-0.88 for quantity consumed) (Hasin et al., 1997a; Grant et al., 2003) . Weekly at-risk drinking (risk drinking) was defined as ≥5 drinks in a day for males or ≥4 in a day for females at least once a week during period of heaviest drinking, and assessed with questions querying the frequency of drinking specific quantities, as described previously (Keyes et al., 2009 ). Reliability of AUDADIS lifetime drinking frequency was very good to excellent (ICCs 0.72-0.76), and fair-to-good for ≥5 drinks (ICCs 0.47-0.69) (Hasin et al., 1997b; Grant et al., 2003) .
Genotyping
DNA was extracted from blood or saliva using standard DNA isolation products (Roche Diagnostics, Germany; QIAGEN, USA; DNA Genotek, USA). The four SNP assays (ADH1B: rs1229984, rs1229982, rs1159918; and ADH1C: rs698) were designed for the Sequenom MassArray system (Sequenom, USA). Genotyping was done using a modified single nucleotide extension reaction (iPLEX assays) with allele detection by mass spectrometry (Sequenom MassArray System). For quality control, assays were tested on two sets of 40 unrelated individuals from the Coriell European and African-American samples (Coriell Institute for Medical Research, USA), and Hardy-Weinberg equilibrium (HWE) was confirmed in both sets. A panel of 32 ancestry informative short tandem repeat markers (AIMs) to assess population substructure (and shown to be adequate to this purpose; (Listman et al., 2010) was genotyped on a subset of the sample (N=1,096) as well as other related samples (Listman et al., 2010) . Briefly, STRUCTURE 2.2 (Pritchard et al., 2000) was used to identify four parental populations, with two main subpopulations reflecting the Northern-to-Southern European cline (average proportions of contribution to present sample: 47.3% Northern Europe, 48.3% Southern Europe) with only minor contributions from "African" (1.7%) and "Asian" (2.7%) ancestral populations (Listman et al., 2010) .
Analysis Genetic markers
Using SAS 9.2 (www.sas.com), the 2 goodness-of-fit test tested for deviations from HWE for each SNP, and correlation and Lewontin's D (Lewontin, 1964) was calculated to measure linkage disequilibrium (LD) between the SNPs, in the entire set of genotyped samples, i.e, not limited to lifetime drinkers, since these are population based estimates (Tables 1, 2) .
Genetic "risk model": genotypes
For each of the four SNPs, prior to formal analysis, we determined the genetic risk model, i.e. if the effect was more likely due to the presence of a specific allele (e.g., A vs. G for rs1229984) or a specific genotype (e.g., AA, AG, or GG), by evaluating the prevalence of binary phenotypes (AD, any AUD, and risk drinking) and means of count phenotypes (AD severity, AUD severity, and maxdrinks) in each genotype group. Preliminary results showed similar prevalences and means for the alcohol phenotypes based on the presence or absence of a specific allele. For example, for rs12299884, both genotype groups with protective allele A (AA and AG) had similar phenotype values that were lower than group GG (absence of allele A), which was termed the "high risk" group. Consequently, further analysis compared the "high risk" group to the "low risk" group (AA or AG for rs1229984). Similarly, for the other three SNPs, high risk groups were as follows: rs1229982, GG (TT/ GT low risk); rs1159918, TT (GG/GT low risk); rs698, GG (AA/AG low risk).
Regression analysis
Regression procedures were used to investigate the association of the each of the four allelic risk factors with each alcohol phenotype. Analyses were adjusted for sex, age, and FSU status, as drinking behavior differs by these subgroups in Israel (Hasin et al., 2002a; Hasin et al., 2002b; Spivak et al., 2007; Shmulewitz et al., 2012) . Logistic regression was used for binary phenotypes and Poisson regression (with overdispersion) was used for the count phenotypes, as they showed skewed distributions. The count phenotypes were also modeled using normal, Poisson (without overdispersion), negative binomial, and zero-inflated distributions; data best fit the overdispersed Poisson distribution based on the largest likelihood and smallest goodness-of-it indices (Akaike's Information Criterion and the Bayesian Information Criterion). For binary phenotypes, results are reported as odds ratios (ORs), indicating the increase in the odds of the phenotype given the absence of the protective allele. For count phenotypes, results are reported as risk ratios (RRs), indicating the relative increase in the mean phenotype value given the absence of the protective allele (Hasin et al., 2002a) . To exclude association due to population substructure, significant associations were re-analyzed adjusting for population structure among the subset of lifetime drinkers for whom AIMS were available (N=1,009), by including the probability of subpopulation membership as continuous control variables in the regression analysis. Last, to determine that positive results were not merely due to correlation with another associated SNP, significant results were reanalyzed, controlling for each of the other SNPs.
Diplotype analysis
As variants in both ADH1C-rs698 and ADH1B-rs1229984 showed similar relationships with alcohol phenotypes, we constructed haplotypes with these two SNPs (SAS 9.2, HAPLOTYPE procedure, www.sas.com). Three haplotypes with frequencies >1% where found (rs698-rs1229984): A-A, A-G, and G-G. After removing 11 individuals with the rare haplotype (G-A), haplotypes were assigned with 100% certainty to all remaining individuals (N=1,118). Because haplotypes were assigned instead of estimated, deviations from HWE due to association (such as HW disequilibrium among AUD cases for rs1229984) should not lead to inaccurate haplotype assignment. To ensure this, we assigned haplotypes separately in cases and in controls, and found no differences. Haplotypes were combined into six diplotypes: A-A, A-A; A-A, A-G; A-A, G-G; A-G, A-G; A-G, G-G; G-G, G-G. These diplotypes were categorized to match the allelic risk model described above according to the level of risk they were hypothesized to confer. The diplotype hypothesized to confer high risk included the absence of the protective allele for both rs698 and rs1229984: G-G, G-G. Diplotypes hypothesized to confer intermediate risk included the absence of the protective allele for rs1229984 only: A-G, A-G (rs698=AA, rs1229984=GG) and A-G, G-G (rs698=AG, rs1229984=GG). Of those without the protective allele for rs698, 95.7% also lacked the protective allele for rs1229984; thus, the diplotype categories can be viewed as dividing up the rs1229984 group without the protective allele into those with the protective allele for rs698 (intermediate risk group) and those without the protective allele for rs698 (high risk group). (Note that there is no category for absence of protective allele for rs698 with presence of protective allele for rs1229984 due to the haplotype structure. Accordingly, we did not formally test interaction between ADH1B-rs1229984 and ADH1C-rs698.) Diplotypes hypothesized to confer low risk had protective alleles for both rs698 and rs1229984. To investigate the association of the diplotype variable with the alcohol phenotypes, adjusted logistic or Poisson regression analyses were carried out, and ORs/RRs were calculated for all comparisons, to determine if both ADH1B and ADH1C played a role in increasing risk.
Results
Allele and genotype prevalences for the SNPs for the entire sample and the subset of everdrinkers (N=1,129) are shown in Table 1 . All SNP distributions were consistent with HardyWeinberg equilibrium expectations (Table 1) . ADH1B-rs1229984 and ADH1B-rs1229982 were in strong LD (r 2 =0.67, D =0.75), ADH1B-rs1229984 and ADH1C-rs698 showed moderate LD (r 2 =0.32, D =0.44), and other marker combinations showed weaker LD (Table  2) . Prevalence for the rs698-rs1229984 diplotype variable was as follows: low risk, 47.0%; intermediate risk, 47.1%; high risk, 6.0%.
Among the ever-drinkers, 12.5% met criteria for AD, 25.2% met criteria for AUD, and 14.7% endorsed risk drinking. Alcohol phenotypes were highly skewed ( Figure S1 ); average number of AD criteria was 1.18 (s.d.=1.50), number of AUD criteria was 1.48 (s.d.=1.96), and maxdrinks was 4.96 (s.d.=6.01).
Association of individual SNPs and alcohol-related traits
ADH1B-rs1229984 was significantly associated with all alcohol phenotypes: the high risk group (absence of the protective allele) had higher prevalence of AD, any AUD, and risk drinking, and higher mean values of AD and AUD severity and maxdrinks (Table 3) . For example, the high risk group had 2.28 times greater odds of AD, and 1.83 times greater odds of risk drinking (Table 3 ). All results remained significant (p<0.02) after adjusting for population structure (Table 3) and when controlling for the other SNPs (for rs1229982, p<0.007; for rs1159918, p<0.001; for rs698, p<0.002). The other ADH1B SNPs gave less consistent results. ADH1B-rs1229982 was significantly associated with a subset of phenotypes, including AD, AD and AUD severity, with weaker associations than those for rs1229984 (Table S1 ). Furthermore, ADH1B-rs1229982 was no longer associated with these phenotypes when controlling for ADH1B-rs1229984. Although the ADH1B-rs1159918 high risk group showed higher prevalence for any AUD, this was not significant after adjusting for demographics in regression analysis (Table S2 ).
ADH1C-rs698 was significantly associated with alcohol disorder phenotypes; the high risk group had a higher prevalence of AD, any AUD, and higher mean values of AD and AUD severity (Table 4) . For example, the high risk group had 2.67 times greater odds of AD and 1.47 times higher mean AD severity than the low risk group (Table 4) . These results remained significant (p≤0.02) after adjusting for population structure (Table 4) and when controlling for the other SNPs (for rs1229984, p<0.05; for rs1229982, p<0.01; for rs1159918, p<0.003). While risk was elevated for risk drinking (OR=1.5) and maxdrinks (RR=1.2), there was insufficient evidence for significance of these relationships. Furthermore, after controlling for ADH1B-rs1229984, there was no evidence for association of ADH1C-rs698 with consumption phenotypes (risk drinking, OR=1.17, 95% CI=0.60-2.25; maxdrinks, RR=1.03, 95% CI=0.81-1.32).
Association of ADH1C-rs698/ADH1B-rs1229984 diplotypes and alcohol-related traits
Mean values were significantly different from each other for AD, any AUD, and AD and AUD severity, with increased ORs or RRs when comparing diplotype groups ( Table 5 ), suggesting that ADH1B and ADH1C both affect these phenotypes. For example, the intermediate risk group (high risk for ADH1B but not ADH1C) had 2.06 times increased odds of AD compared to the low risk group (low risk for both ADH1B and ADH1C), while the high risk group (high risk for both ADH1B and ADH1C) had 4.31 times increased odds compared to the low risk group and 2.09 times increased odds compared to the intermediate group (Table 5) . For risk drinking and maxdrinks, the intermediate-risk and high-risk diplotype groups were not significantly different, suggesting that in this sample, only ADH1B plays a role.
Discussion
In this study, we found that variants in two widely studied ADH genes, ADH1B and ADH1C, were associated with multiple alcohol phenotypes in an Israeli household sample, replicating and extending previous studies. Specifically, we found association between ADH1B-rs1229984 and AD, any AUD, risk drinking, AD and AUD severity, and maxdrinks. While we found association between ADH1C-rs698 and AD, AUD, and AD and AUD severity, there was no evidence of association with either risk drinking or maxdrinks. When considered together, joint diplotypes of ADH1B and ADH1C variants were found to influence AD, AUD, and AD and AUD severity.
ADH1B
Results for associations of ADH1B with AUDs and alcohol consumption are consistent with recent studies of European-ancestry (but not predominantly Jewish) populations (Toth et al., 2011; Bierut et al., 2012) and previous Israeli studies Hasin et al., 2002a; Hasin et al., 2002b; Neumark et al., 2004) . We have extended these results by examining binary and count versions of consumption and AD phenotypes, as well as a proxy for the DSM-5 version of AUD that combines AD and AA, in the largest population-based sample of Israeli Jews studied to date. We also tested rs1229982 and rs1159918, functional polymorphisms in the ADH1B promoter region that were previously associated with alcohol-related phenotypes (Pochareddy & Edenberg, 2011) to ensure that rs1229984 associations were not due to correlation with these other SNPs. In this sample, the promoter polymorphisms were either weakly associated with alcohol-related traits (rs1229982) or not associated (rs1159918). The similar allele frequencies observed between the ADH1B SNPs suggests that these results were not merely due to low power. Furthermore, the weak associations with rs1229982 were not significant after controlling for rs1229984, suggesting that the observed rs1229982 associations were due to correlation between rs1229982 and rs1229984 (r 2 =0.67). Thus, rs1229984, which has a known functional role in affecting the kinetic properties of the encoded enzyme, is more likely to be the relevant polymorphism.
ADH1C
Association between ADH1C and alcohol phenotypes has been robust in East Asian populations (Thomasson et al., 1991; Luo et al., 2006; Li et al., 2012) , inconsistent in European populations (Zintzaras et al., 2006; Tolstrup et al., 2008; Toth et al., 2011) , and null in Jewish populations Neumark et al., 2004) . Results presented here provide support for the association between ADH1C-rs698 and AUDs. However, we found no evidence of significant association between ADH1C-rs698 and measures of consumption within this sample. These results agree with both the Neumark et al. Neumark et al., 2004) studies showing no association with phenotypes related to alcohol consumption, and with the studies that found association with AUDs (Zintzaras et al., 2006; Tolstrup et al., 2008) , in that ADH1C-rs698 is associated with problematic AUDs, but not with measures of more normative heavy alcohol consumption or rates of elimination. As with ADH1B, we have extended these previous studies by examining multiple phenotypes involving consumption and AUDs, within a large population based sample of Israeli Jews.
ADH1B and ADH1C
We found that while ADH1B-rs1229984 and ADH1C-rs698 were correlated (r 2 =0.32; D =0.44), they did not represent a single signal; each variant contributed to risk independently. Due to the unique haplotype structure in this population, we were able to directly examine the joint effects of ADH1B-rs1229984 and ADH1C-rs698 on alcohol phenotypes by identifying ADH1B-rs1229984 and ADH1C-rs698 diplotypes with certainty, categorizing them into three risk groups, and testing the specific combinations of risk variants for alcohol phenotypes. For both the binary and count measures of AD and AUD, significant differences were observed across each of the three diplotype risk groups, indicating that both SNPs play a role in these outcomes. These results agree with the single SNP analyses, which indicated that both ADH1B-rs1229984 and ADH1C-rs698 were associated with AUDs, while ADH1C-rs698 was not significantly associated with consumption. While the diplotypes explained roughly the same amount of the variance in these traits (e.g. 19% of the variance in AD) as either ADH1B-rs1229984 ( 18% of the variance in AD) or ADH1C-rs698 ( 17% of the variance in AD) individually, considering these SNPs together provides a model that more accurately describes the polygenic architecture of these traits. Thus, the higher effect sizes (ORs or RRs) in the diplotype analysis (for the high vs. low risk comparison) than in the single marker analyses was most likely due to better characterization of the gene effect due to partitioning the ADH1B-rs1229984 high risk group into two groups based on the presence or absence of the ADH1C-rs698 high risk group.
While prior studies have examined gene-gene interactions between ADH genes (Wu et al., 2012) , only three studies explicitly examined the joint effect of these specific ADH SNPs for alcohol outcomes (Neumark et al., 2004; Tolstrup et al., 2008; Toth et al., 2011) . Results from these studies were mixed; the Neumark study found no evidence of interaction between these two SNPs, while the more recent studies indicated that the joint effects of these ADH risk alleles (using haplotypes/diplotypes) increased risk for excessive consumption and AUDs (Tolstrup et al., 2008; Toth et al., 2011) . Results from our study can potentially clarify these discrepancies in that we found the joint effect (of both ADH1B and ADH1C) is related to AUDs, but not significantly to measures of consumption in this large population of Israeli Jews. While a genetic variant could plausibly be consistently associated with all related phenotypes (consumption and AUDs), that is not necessarily the case if different measures tap into different aspects of a related phenotype which may have unique etiological risk factors (Meyers et al., 2012) . Further studies are needed to examine the association of AUDs and consumption with ADH1C.
Although many gene mapping studies are carried out in Ashkenazi Jewish (AJ) samples (i.e., all four grandparents born in Europe; (Guha et al., 2012) , due to the unique genetic structure of that population (Guha et al., 2012) , we decided to also include non-Ashkenazi Jews (NAJ; mainly of Middle Eastern origin), to determine if the same genetic effects were found in both potential subpopulations (AJ/NAJ). The AJ/NAJ distinction also connotes cultural differences, possibly encompassing differences in drinking behavior. Although we asked respondents to self-identify as "Ashkenaz" or "non-Ashkenaz", close to 20% of the sample chose "both" or "other", reflecting the blurred distinctions between these categories, both in terms of cultural practices and genetic origins (i.e. individuals with grandparents from both groups), in modern-day Israel. Therefore the traditional AJ/NAJ distinction was not useful in this sample. Rather, we used AIMs, which produced a continuum of genetic ancestry measuring the Northern/Southern European cline, with higher proportion of "Northern" ancestry indicating more Ashkenazi origin, and higher proportion "Southern" ancestry indicating more non-Ashkenazi origin (Listman et al., 2010) . We analyzed the whole sample (instead of AJ/NAJ separately), including ancestry proportions in regression analyses to ensure that even if there were cultural differences in drinking related to ancestral origins, the association results were not due to genetic admixture. Similar results with and without the ancestry proportions suggest that the ADH gene effects were similar across subpopulations, and support utility of gene association studies in mixed Jewish populations.
Study limitations are noted. First, we do not claim to have identified all the causative genetic variants; we may be detecting significant signals where there are contributions from LD with an additional untested, "true" variant (or variants), not only in ADH1B but across the ADH gene cluster. However, enzymatic studies show that the ADH1B*2 and ADH1C*2 variants are functional, affecting enzyme kinetics (Bosron et al., 1983; Bosron & Li, 1986) . Next, the unique haplotype structure in this population was useful in enabling us to identify diplotypes with certainty and to categorize them into three risk groups. However, to more fully understand the joint or related interaction effects, samples with different LD patterns and greater prevalence of the rare haplotypes/diplotypes (e.g., lack of ADH1C protective allele with the presence of the ADH1B protective allele) should be studied. In addition, this study examined two genes in relation to six related alcohol outcomes in an effort to systematically assess the association. Prior evidence for genetic association, along with the high degree of correlation between the alcohol phenotypes (r 2 range from 0.35-0.96) and SNPs (r 2 from 0.01-0.75), mitigates the concern that results are merely a consequence of multiple testing. Nevertheless, when we applied the Benjamini-Hochberg procedure to control the false discovery rate at 0.05 (Benjamini & Hochberg, 1995) , all results remained significant except that ADH1B-rs1229982 was not associated with AUD severity. Last, in Israel, consuming several drinks on one occasion is common in religious practice (e.g., Purim and the Passover Seder), and might occur for cultural/environmental reasons even among individuals who would otherwise drink much less. As a sensitivity analysis, we conducted post-hoc analyses of another measure, "usual drinks," which indicates how many drinks a respondent usually had in a single day. Association results were similar in that ADH1B was significantly related to usual drinks, and ADH1C, when analyzed jointly with ADH1B, was not related to usual drinks.
In conclusion, this study adds support for the role of ADH1B and ADH1C in alcohol phenotypes in a large Israeli household population. Further, the results suggest that considering these SNPs together provides a model that more accurately depicts the polygenic architecture of AUD traits. Studies of the association of alcohol phenotypes and either ADH1B or ADH1C alone are employing an oversimplified model, which may mask relevant information regarding the genetic influence of these ADH variants on behavioral alcohol phenotypes.
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